We report the three-dimensional (3-D) momentum-resolved soft x-ray photoemission spectroscopy of the Fermi liquid LaNiO3. The out-of-plane and in-plane cuts of the 3-D electron-and hole-Fermi surfaces (FSs) are observed by energy-and angle-dependent photoemission measurements. The energy bands forming the electron FS suggest an ω 2 dependence of the imaginary part of the self-energy and a 'correlation kink' at an energy scale of 0.25 eV. In contrast, the bands which form nesting character hole FSs do not show kinks and match local density approximation calculations. The results indicate a momentum-dependent mass renormalization, leading to electron-hole asymmetry in strongly correlated LaNiO3.
I. INTRODUCTION
Transition metal perovskite oxides provide the widest range of correlation derived phenomena such as superconductivity, metal-insulator transitions (MITs), magnetic ordering, colossal magneto resistance, etc.
1 While momentum-resolved studies of the two dimensional high-T c cuprates and other low dimensional correlated materials have revealed novel aspects of their electronic structure and Fermi surfaces (FSs), 2 there is no report of a FS study of a three-dimensional (3-D) correlated oxide. Recent studies have established that oxide films with threedimensional electronic structures are fertile ground for discovering novel properties for device applications, such as interfacial metallicity, carrier-controlled transparent ferromagnetism, giant thermoelectricity, etc.
3,4,5 These engineered properties arise from correlated electrons, as evidenced from momentum(k)-averaged experiments of transport, magnetism, thermodynamics, etc. However, there is no momentum-resolved study to date showing an ω 2 dependence of the imaginary part of the self-energy for a 3-D Fermi liquid. 1, 2, 6 Among the perovskite oxides, the series RNiO 3 (R: rare earth) is well known to show interesting behavior such as MITs, spin-and charge-ordering. LaNiO 3 with a trivalent Ni 3+ (t ) is the reference material of the series, crystallizing in a 3-D nearly cubic structure with a small rhombohedral distortion (β = 90.41
• ). It exhibits enhanced Pauli paramagnetic metal behavior down to low temperature (T ). LaNiO 3 undergoes an oxygen vacancy controlled correlated metal to antiferromagnetic insulator transition, while the other members (e.g., R = Pr, Nd, Sm) show MIT as a function of T . 7, 8 The T dependent MIT coupled antiferromagnetic transition results in a (h/2 0 l/2) reflection due to charge-order (more precisely, charge disproportionation of the type Ni 3+δ -Ni 3−δ ), and not due to orbital ordering, as was recently characterized by resonant soft and hard x-ray scattering.
9 Interestingly, the magnetic susceptibility of the entire series in the metallic phase is that of an enhanced Pauli metal due to the NiO 6 matrix, and far from a Stoner type ferromagnetic instability. 8, 10 The specific heat and susceptibility data, as well as T 2 dependence of resistivity of LaNiO 3 indicate that this compound is well described as a strongly correlated system close to a MIT. 10, 11, 12 An enhanced effective mass (m * ∼ 10m 0 ) is well established from thermopower and specific heat measurements. 11, 12 Thus, LaNiO 3 is a genuine 3-D Fermi liquid with correlated 3d electrons in a quarter filled e g band.
Bulk single crystal growth of LaNiO 3 has not been possible to date. However single crystalline epitaxial thin films have been successfully synthesized for device applications and provide a very suitable metallic template for electrical contacts to perovskite films. 13 In a recent study, we succeeded in fabricating single crystalline epitaxial thin films and studying it by angle-integrated photoemission spectroscopy (PES).
14 We reported the observation of a clear sharp e g derived peak at the Fermi level (E F ), which could not be detected in earlier studies.
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This peak gets gapped across the oxygen vacancy controlled MIT in LaNiO 3−x . A narrow band at E F is typical of correlated metals, but momentum or angle-resolved PES is necessary to directly probe 3-D FSs and renormalization of band dispersions. Such studies require an accurate determination of the in-plane and out of plane components of the momentum vector of an electron, and is an intrinsically difficult experiment for 3-D systems requiring tunable photons from a synchrotron source. Recent studies have reported soft x-ray angle-resolved photoemission spectroscopy (ARPES) of elemental metals 16 and correlated-electron systems. 17 The role of non-direct transitions could be identified at high temperature in elemental metals. For f-electron systems, dispersive bands and even FS crossings have been identified. However, the momentum dependence of renormalized band disper-sions due to electron-electron correlations has not been addressed. Here, we report the momentum-resolved PES of LaNiO 3 using soft x-rays. The aim of the present work is to determine the FSs and the role of correlations in a 3-D Fermi liquid.
Recent theory showed that kinks can appear in the band dispersion of 3-D materials as a consequence of correlations, based on dynamical mean field theory in combination with the local density approximation (LDA+DMFT) calculations. 18 These calculations carried out for the case of an energy dependent, but momentum independent self-energy, suggested consistency with low energy ARPES of SrVO 3 .
19 Kinks are often found in systems with strong electron-phonon coupling within 100 meV below E F , for example, as in high-T c superconductors.
20 Moreover kinks on a higher energy scale, about 300-500 meV, were also reported in high-T c superconductors. 21, 22 These anomalies suggest that kinks can occur due to a variety of reasons such as electron-phonon interaction, short-range Coulomb interaction, etc. Since LaNiO 3 is a strongly correlated metal, one may expect to see anomalies in its momentumresolved electronic structure.
II. EXPERIMENTAL DETAILS
The LaNiO 3 thin films were grown on SrTiO 3 singlecrystal substrates. A sintered stoichiometric LaNiO 3 pellet was used as an ablation target. A Nb-doped yttrium aluminum garnet laser was used in its frequency-tripled mode (λ = 355 nm) at a repetition rate of 1 Hz. The SrTiO 3 substrates were annealed at 900
• C at an oxygen pressure of 1 × 10 −4 Pa before deposition. The substrate temperature was set to 650
• C and the oxygen pressure was 10 Pa during the deposition. The LaNiO 3 films were subsequently annealed at 400
• C for 30 minutes at atmospheric pressure of oxygen to remove vacancies. After cooling the sample to below 100
• C and evacuating the growth chamber, the surface morphology and crystallinity of the fabricated LaNiO 3 films were checked by an in situ observation of reflection high-energy electron diffraction (RHEED) patterns. Further details on the characterization are described in Ref. 14 .
Soft x-ray ARPES experiments were carried out using a high-resolution synchrotron radiation PES system with a Gammadata-Scienta SES2002 spectrometer combined with a pulse laser deposition chamber at undulator beamline BL17SU, SPring-8. 23 The ARPES measurements were carried out in a vacuum of 5 × 10 −8 Pa, at 30 K to minimize non-direct transition effects. The energy resolution was set to ∼150 and 200 meV and the angular resolution was ± 0.2 degree, which corresponds to a momentum resolution of ± 0.043Å −1 at hν = 630 eV The high symmetry momentum points (Γ and X) and the Fermi crossings were accurately determined from energy dependent normal emission spectra and a free electron final state, taking into account the photon momentum into consideration. Thus,
where k z is the normal component of the momentum, m is the electron mass, E kin is the kinetic energy of the electrons, k ⊥hν is the component of the photon momentum perpendicular to the surface and θ is the emission angle. An inner potential of V 0 = 10 eV was assumed to obtain consistent results. We required a photon momentum correction of ∼14 % and ∼15 % of 2π/c at 630 eV (Γ-X-Γ cut) and 710 eV (X-M-X cut), respectively, where c is the pseudo cubic lattice parameter of LaNiO 3 . The high-symmetry points were further calibrated by angle dependent in-plane measurements at fixed photon energies. All the intensity maps shown in the paper are measured data over the displayed ranges and no symmetrization has been used to obtain the maps.
III. RESULTS AND DISCUSSION
Figures 1(a) and 1(b) show the schematic of a cubic Brillouin zone and the region in momentum space of the ARPES measurements reported here (15 cuts, using hν = 570-710 eV, steps of 10 eV). While bulk LaNiO 3 as well as thin film LaNiO 3 show a small rhombohedral distortion and are not simple cubic, the band structure of rhombohedral LaNiO 3 is well explained by zone folding of a cubic Brillouin zone into a rhombohedral Brillouin zone. 24 Hence, we adopt a pseudo cubic notation for discussing the PES of LaNiO 3 . Figure 1 (c) shows the energy distribution curves (EDCs) at photon energies between hν = 570 and 700 eV at normal emission. EDCs at all photon energies show intense features with small dispersion around 0.8 eV, corresponding to the Ni t 2g bands. In addition, EDCs for 600-660 eV clearly show a dispersive band crossing at the E F (red arrows) around the Γ point. This dispersive band originates in Ni e g states and forms a small electron pocket as predicted by the local density approximation (LDA) band calculation. The band disappears for energies below 600 eV and above 660 eV-photon energy and an increase in intensity is observed close to the M point at hν = 570 and 700 eV. Figure 2 (a) shows the FS mapping in a vertical (k z -k x ) plane 'α' of Brillouin zone as shown in Fig. 1(a) , which is obtained by a plot of the integrated intensity from -0.05 to 0.05 eV-binding energy in EDCs. A small circle centered at Γ point is observed, while no intensity is observed around X point. The existence of a nearly spherical small FS centered at Γ point, corresponding to the electron FS, was predicted by band calculations.
24 From photon energy(k z )-dependent ARPES measurements, we can decide the photon energy tracing the Γ-X and X-M directions as shown in Fig. 1(b) . In order to observe the in-plane cuts of the FSs, we measured ARPES at a fixed photon energy of 630 eV (k z ∼ 0) and 710 eV (k z ∼ 0.5). The FS mapping in horizontal (k x -k y ) planes 'β' and 'γ' of Brillouin zone in Fig. 1(a) were obtained as shown in Figs. 2(b) and 2(c) . In 'β' plane, the small electron FS around Γ point is again observed. This result indicates that the 3-D sphere-like FS around Γ point can be observed by ARPES experimentally. The squarelike intense area around M points, obtained from raw data without symmetrization, corresponds to projection of the hole FS centered at R point. In 'γ' plane, no small FS is observed. Instead large FSs centered at R point were observed. From the complete data set of energy and angle dependent FS maps, the experimental FS obtained by soft x-ray ARPES are in overall agreement with that predicted by the band calculation. 24 However, the actual band dispersions reveal an important difference in electron-and hole-FSs as discussed in the following.
In order to discuss the band structures forming these FSs, we measured the ARPES in the high symmetry lines with detailed momentum steps and an energy resolution Fig. 3(c) ], indicating that the bands extend to high binding energies. Because the t 2g bands also appear above 0.5 eV at X point, the band bottom is not clear. This behavior contrasts with the hole band at M point [ Fig. 3(d) ], in which there is no intensity around 0.3-0.5 eV at M point. Therefore, the electron band at the Γ point extends to at least 0.5 eV-binding energy. We fitted the MDCs to two Lorentzians to estimate the MDC peak width. For the Γ centered electron FS, the mean free path of carriers is obtained as l=1/∆k ∼ 3Å from the MDC width at E F , consistent with transport.
12
The mean free path of the carriers around Γ point are smaller than that around M point. Moreover, to emphasize the band dispersion, we apply the second derivative for the MDCs and plot it as intensity map in Figs. 4(c) and 4(d). Blue circles indicate the peak positions of second derivative MDCs, corresponding to the experimental band dispersion. The theoretical band calculation result is also plotted on the experimental intensity plot. The theoretical calculation was done using the local density approximation (LDA) based full-potential linearized augmented plane-wave method 25 in the cubic symmetry with the lattice constant of a = 5.45/ √ 2 = 3.85Å for the LaNiO 3 bulk crystal.
7 From the comparison between the experimental and the calculated band dispersion, the band forming the electron FSs shows clear differences from the calculated band, while the band forming the hole FSs almost matches the calculated band dispersion. A clear kink structure at ∼0.25 eV in the band forming the electron FS is observed in Fig. 4(e) .
We have determined the real and imaginary parts of the self-energy [Σ(ω)] from ARPES spectra, by neglecting its k-dependence and approximating the bare band dispersion to be linear, as is the usual procedure. 21 The ReΣ(ω) and ImΣ(ω) are derived from the widths ∆k and peak positions k m of the MDC peaks, and the bare velocity v 0 as shown in the following equation,
The results of such an analysis are shown in Figs 10, 11, 12 The energy scale of 0.25 eV is very large and cannot be associated with a phonon energy scale in LaNiO 3 . The kink behavior leads to a picture as was shown by LDA+DMFT calculations for strongly correlated electron systems. 18 On the other hand, the hole bands do not show a renormalization kink like the electron bands. This result indicates that the hole carriers do not have an enhanced effective mass like the electron carriers. The difference of the mean free path between the electron and hole carriers is shown in the MDC width at E F . LaNiO 3 is discussed in terms of a t shows n-type conductivity in Hall measurements. 26 In electron-and hole-doped R 1−x A x NiO 3 , it was found that a significant electron-hole asymmetry leads to the suppression of the MIT temperature by the extra carriers.
27
The mass renormalization factor is estimated as m * /m b × m b /m 0 = 3.3 × 1.5 ≃ 5 from the experimental electron band, while thermodynamic studies indicate a value of ≃ 10. It is noted that the possibility of a lower energy interaction within a hundred meV, (for example, the electron-phonon interaction) cannot be ruled out. Unfortunately, the observation of such a small energy scale feature corresponding to the electronphonon interaction is not possible presently with soft x-ray ARPES from the viewpoint of energy resolution. Nevertheless, the 'correlation kink' at 0.25 eV originating in the strongly renormalized bands produce the sharp density of states at the E F and indicate the evidence of the mass enhancement in the electronic structure of LaNiO 3 . The results indicate a momentum dependent mass renormalization for the electron and hole bands near the E F , leading to electron-hole asymmetry in this 3-D Fermi liquid.
IV. CONCLUSION
In conclusion, we have directly observed the 3-D FSs and the energy band dispersion from energy-and angledependent PES measurements and determined ReΣ(ω) and ImΣ(ω) of LaNiO 3 . The energy bands forming the electron FS suggest an ω 2 dependence of the ImΣ(ω) and a 'correlation kink' at an energy scale of 0.25 eV. In contrast, the bands which form nesting character hole FSs do not show kinks and match local density approximation calculations. The results indicate a momentumdependent mass renormalization, leading to electron-hole asymmetry in strongly correlated LaNiO 3 . Soft x-ray momentum-resolved PES applied to 3-D epitaxial oxide films is expected to provide much needed insights into their electronic structure and exotic properties.
